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A B S T R A C T—.

This paper addresses the Iatcst  attempts at modeling
the effects of tbc sporaclic mckmoid popula t ion on
interplanetary spacecraft. ‘1’hc Jet Propulsion 1.ahoratory
has an ongoing rcquircmcnt  to accurately model the
survivabi l i ty  of  in(Crp12UlC12Wy  space  miss ions to
dctmninc  the possibility of mission Ims. C]alilcrr and
Cassini  for example both required detailed modeling and,
ultimately, mctcoroici  shield designs to assure their
survivability. A primary component of this modeling
has been the sporadic mctcorwid environment. As a
mull, D r .  N e i l  D i v i n e  dcvclopc41 a comprchcnsivc
model of the interplanetary mc[coroid  envi ronment
suitable for’ carrying OU1 detailed angular  calculations of
tbc impact rates of interplanetary meteoroids on
intcrplanc(ary missions. ‘1’his model is being considered
as an international standard. Here wc present CLIr -rent
cfforls  at formalizing the cxisling I)ivinc meteoroid
model so that  it can be more available to the NASA and
space community at large. q’hc n]odcl makes usc of the
ncw meteoroid data obtained since the 1970s when the
original NASA meteoroid models were dcvclopcd  and
allows estimates of the nlctcort)icls’ directionality ad
variation with  distance from tbc Sun. It incorporates
several different “ p o p u l a t i o n s ”  o f  inkrplanctary
meteoroids, each population being dcscribcd  in terms  of
a distribution function in velocity phase space. ‘1’hcsc
distribution functions can bc integrated along a spacc-
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craft [rajcctory  to give the meteoroid fiucncc  as function
of velocity and angle relative to a spcciticd  surface. In
the latest  version of the model, shortcomings in the
relative normalizations of the individual populations,
usabi l i ty ,  and i ssues  of  newly avai lable  data  are
add rcsse41.

INTRODLJC’I’ION

Collisions wilh  meteoroids have been a concern fol-
spacccraf(  designers since the early days of tbc space
program, I’hc  sources of these parliculatcs arc hclicvcd
to be the debris from asteroids aaci comcls or the cjccta
from cc)i iisions  of meteoroids with large bodies sLIcil as
the Iiarlh  m Moon.  Ciivcn tile pervas ive  na ture  of
mc(coroicis,  tile cffccls  of tile macroscopic  parlicuiatc
environment must bc quantificci over tile ii fctimc  of a
sfMlcc system (0 prcjcc(  [he Ii fc expectancy of exposed
mccimicai aaci cicctrical  systems. F;or the iast  two aMi
a i]al f dccacics, ti~c p r i m a r y  toois  f o r  mociciing  ti~c
meteoroid cnvironrncnt  ilavc been the mrxicls  cicscribcci
in NASA S1)-801 31 and NASA S1’-80382. New data,
primari  iy from Hciios,  Voyager, ao(i I;artil-bascci  raciar,
ilavc become  avaiiabic  s i n c e  t h e s e  mociels were
frmnuiate(i,  “1’ilc oi(icr mmicis  cio n o t  rwaciiiy icnd
tilcmscivcs  to tile cictcrmination  of angular impacts (the
mo(icis  basicaiiy a s s u m e n o r m a l  incicicnce) nor  a
rcaiis[ic  ciistribu[ion  of impac(  velocities with  ciircction
an[i m a s s  ( n o t e :  tile okicr- mocicis cio inciucie a n
approximation for a ciistibution  of vciocitics ti~rougil
tile smalicci  “ciclta funct ion”) .  Tile  nccci (0 incorimratc
(he latest n]cteor-oi(i ciala anti to mode] the angular
var ia t ions  in  tile mctcoroi(i  fiucncc  for intcri)lanetary
missions Icci to tile cicvclopmcnt  a more dclaiicci modci
by I)r.  N. I)ivioc in ti]c cariy  1990’s3. Since ti]en, ti~at



model  has seen wide acceptance in lhc international
community. Unfortunately, t h e  m o d e l  h a s  proven
dif f icul t  for  the general user and rcquim intirnak
knowledge of the code  to modify it and incorporate new
results m features. l’his paper will dcscrihc  tcsls of a
new vers ion  of the Divine mc[croid  COLIC that  has
rcccntly  been developed to address these issues. ‘1’hc
results of that code will be compmcd  with the older
NASA models and the ncw angular and velocity
clistributirrn  features will bc exploited to illustrate the
practical value of the model.

M E T E O R O I D  PARTICLE!S-TIIH
ENVIRONNIENTS

In practice, methods for modclling  the meteoroid
environment fall into 3 groups:

1.)

2,)

3.)

Modeling of’ single p~rticlc  dynamics where Ihc
trajcctcrrics  of individual particles at-c followed. ‘f’his
rcscmblcs the plasma physics “parliclc  in box”
approach and is used where, in the case of asteroicis,
there arc a few well defined “particles”.

Ident i f ica t ion  of organizeci “s(rcams”  (i.e., n]cteor
s(rcams),  “rings” (i.e., Saturn’s rings) or “shells”
(};arlb space debris that has hccn racion~imi at a
fixrxi orbitai  altihrdc).

Ai~ori(hnlic  fits t o  t i l e  backgroumi,  ranciom
cn~ironrncnt.  Tilis  i s  primariiy  tile smxllcd
sporadic meteors or the zodiacal Ii.gilt.

In principle, tile single particle pilysics  ai?plicabic
to the first group  can bc LISCCi  (0 mdci eaci] of the oti)cr
groups. Unfortunately, rno(ieis  of tile iat[cr  [wo woui(i
invoivc  tile t r a c k i n g  o f  miilions o f  parlicics 1 0
adequately cicscribc  tile actual cnvironmcnk.

NASA INTERI’LAN,TARY
&IETItOJOID MQ)~

The current NASA mctcroid  models do not attempt
to treat indiviciual particles, but, like the algoriti]ms  or
numeric expressions [hat dcfrnc the neutral atrnosphcrc,
arc lrts  to observations. They tbcrclorc  rcprcscn[  a very
c o m p a c t ,  ti-rough  pbysicaliy Iimitcd,  rcprcscntation  o f
the meteoroid environment. As of ti]is dale, tile NASA
mociels are t h e  a c c e p t e d  cnginccring  m e t e o r o i d
environment “tooi”.  T’hc principle ciocumcnts  cicscribing
tbcsc models arc tbc “NASA Space Vcbiclc  Design
Cri ter ia  (I;rlvirc)~lr]lcllt); Mctcrrroici Ih]vironmcnt  Mocicl
(Near Earth  IO 1.unar Surface)” 1 and “NASA Space
Vchicic  I)csign C r i t e r i a  (I;rlvir[)[]l~]cllt); Mctcoroici
linvironmcnt  Model (lntcrpianctary anti Pianctary)”2.

Tile  f i r s t  ciocumcnt  cictincs ti)c n]ctcort)icf
environment bctwccn  the Iiarth’s  surface and the moon
in terms of simple numeric expressions. It provi(ics
w o r k i n g  cicfinilions  of tile ti]rcc princii}ic  ciuantitics
nccdcd to define tbc  meteoroid environment: [heir mass
versus number density, tilcir  vciocity  ciistribution,  .arrci

ti]cir cicnsity (cc)l]][lositio[}).” Inclu(ic(i i n  t h e  ciocumcnt
arc listings of intcri~laactary  m e t e o r  s t r e a m s ((ilc
“prcciictablc” cc)ll]pc)r]c[lt—abc)Llt  10% o f  lbc obscrvcci
IILIX for particles of -1 g at the Iiarlh)  and tile I~arlil-
bascci meteor observations on which tbc “spora(iicr’
rnocic]s (sporadic is taken here to mean the backgrounci
f l u x  o f  mctcoroicis  tha( a r c  basicaiiy ranciom). ‘f’ilc
scconci ciocurncnt presents an extrapolation of the Iiartil-
i>asc(i observations to interiianctary space for sporadic
meteoroids of different “origins’’--comctary aIKi
asteroidal. ‘1’hcsc models of the simaciic  meteors have
served wcii  for airnos[  25 years arrcl only now, as new
data  on  the  intcrpianctary  mctcoroici  environmcn[  ilas
i~ccornc available arc ci]anges  in these nmicls being
proi)oscd4,3. As the NASA meteoroid environment
nmicls arc currently tbc basis for most cnginccring
s[udics  of tile cff’ccts of the mctcroi(i  environment, (iIcy
will be bricffy  clcscribcci.

Meteoroids as cicfineci by tile NASA ciocumcnts  arc
s o l i d  par[iclcs  o r b i t i n g  i n  si~acc tila[ arc citbcr o f
cmnctary  or asteroidal c)rigi n, The spatiai  volume of
intcrcs[  ranges from 0.1 to 30.0  as t ronomical  uni t s
(ALJ). ?’ilc mass range is from 10-12 to i 02 g.
Know] ccigc of tbcsc parlicics is based primarily on
Iiartil-based observations of rnctcors,  comc(s,  asteroids,
the mdiacal  I ight,  ancl in-situ rocket an(i spacecraft
n]casurcmcnts.  l’fw ffLIx versus mass of tile parlicics,
ti]c b a s i c  ciuaatity  rcquirwi to rnmicl ti]c mctcoroici
e n v i r o n m e n t ,  i s  not ciircctiy measured but must be
infcrrcci (e. g., from ligi~t intensity, crater distributions,
etc.). ‘1’hc groun(i-hascd mcasurcmcnts consist
principality of pholograpi]ic and rmiar obscr  vat i ons.
Sufficient in forrna~ion  ciocs exist to justify cfiviciiag the
spora(iic rnctcorx)i(i conlponcnl  into tiwsc  of cometary
origin an(i those of astcroi(ial  origin. The distinction
hctwccn  these two groups will bccornc  clear in the
following (note: ti]c newer modci3  divides ti~c mc(coroicl
populations up into 5 groups based on tilcir  orbital
cbarac[crislics).

la ti~c foiiowing  cicvclopmcnt,  o n e  problcrn  i n
particular  shrrLI!d b e  k e p t  i n  m i n d - - t h a t  o f  t h e
“pcnctratioa  si>ccci” o r ,  l e s s  a c c u r a t e l y ,  “ i m p a c t
velocity”. l’hc  precise cicfinition  of “impact velocity”
has  proven  to  bc (ii fficuit  as tile actual particuiak
environment is characlcrizccl by a velocity distribution.
Elascd primarily on how the impacl  velocities shouici bc
weighted when taking a mean or average, variations in
cstirnatcs of ti}c cff’eels of impacts arc possible. l’hc
problem is  dLIC  to tile fact tha( tile mass  capable  of
causing faiiurc  varies wili] vciocity--typicaiiy ciccrcasing
with increasing veloci ty .  In  pract ica l  terms,  the
“average” vciocity  wii i tyi>icai i y (iifkr from a weigiltcci
velocity rcciuircci for impac(  probability calculations. A
second issue arises bccarrsc the average impact velocity
anti rnctcomid  ffucncc boti) vary in time (or position)
(iuring the spacecraft mission so tilat  the probability
ciocs not incrcasc  lincariy  in time but in a cmnpicx
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fashion. I’he  actual  value of the impact  velocity to bc
used will dcpcncl on the orbital position of the spacecraft
and i t s  ins tantaneous  vclrrcity  vector. I’hc prccisc
tmalmcnt of the velocity and the vclocily  distribution
funclion  pose an uncertainly in any calculations.

~OhlETIJRY  METICORS

la t e r m s  o f  t b c  N A S A  nl(K]cis, conlc[ilry
mctcomids  in the mass range of interest (<10 g) am
bclicvcd  to bc the solid remains of large water-ice
comets [hat have long since evaporated or broken up duc
to collisions, or  s imply  fr;lglllcntcc~ciisllcrsccl f r o m
comet surfaces without destroying the comet, ‘1’hc
remaining silicate or chondri[ic  material is of very low
density ((). 16 (0 4 g/cn13) with an assurncd  value of ().5
g/cn~3 for tbc NASA models. ‘1’hc prirr~ary flux inside
1.5 At] is made up of these cornctaty  meteoroids as the
dcnsct- askmidal mc(coroids  arc a s s u m e d  t o  Ix
conccn[ratcd  in the as[croid  belts and peak at 2.5 ALJ.
NASA 80382 clcscribcs the integral cometary meteor
density (p) for a mass m or Iargcr  by:

I.og, o(p) =- -18.173-1.213 l.o~,o  (m)

-1.5 I,og10 (R) -.869 Isin(p)l (1)

where:
m = mass (g)
p = spatial density (par[iclcs/n13)
R = heliocentric distance (ALJ)
~ = the bc]ioccntric  ]a[itudc

‘1’hc “average” impact  veloci ty ,  as  a  function  of
spacecraft orbital paran]c[crs “0” (tk r a t i o  o f  (1)c
bclioccntric  spacecraft speed to the speed of a circular
orhit at tbc same dis(ancc  from the Sun), “(3” (angle
between spacecraft velocity vector and circular orbit  in
same plane), lJC (a cometary velocity function dc4xibc41

in NASA 80382), and R (distance from Sun in ALJ) is
given by:

<V,(O,  0, R)> = R-112  LJC(O, 0) (2)

Once a number clcnsity is dc(cnnincd  and the impact
velocity con~pLI(cd,  tbc cometary flux to a randomly
tumbling plate can bc cst ima[cd by the following
simple formula:

fc = 1/4 p<vc>&l (3)

where:
f,=  cometary flux (parliclcshn%)

p = parlic]cs/n13  (here, p corresponds to tbc number
density for all parliclcs with a mass m
01- Iargcr)

‘1’hc total flucnce, I:C, is the inlcgtal  of f,, over time. ‘1’hc

“clclta factor” is a small correction factor included [0
account for the fac( that there is a distribution of
velocities. It is given as a function ofo and 8 in NASA
803/3*.

AS1’1;ROlI)AlL_N112  rI’lCORS

A S  f o r  t h e  c o m e t a r y  mc[coroids,  [hc b a s i c
computation of the asteroidal IIUX follows three steps:
dctcrlninc  the penetrating mass hascd  on tbc  density and
impact velocity, cle[crmine the numbel- density at tbc
given mass, and compute f, (the asteroidal flux) from

1 / 4  p<Va>.  U n l i k e  t h e  cornctary  p o p u l a t i o n  o f

meteoroids, however, which is assumccl to bc fairly
uniform in its charackxislics  with heliocentric dis(ance,
the asteroidal  component shows a marked heliocentric
variation in number dcnsi[y.  Visual  obscrva[ions  ckmm
to masses on the order of 1 () 1 g to 1020  g dcnmnstra(c
the existence of the WC] l-known as[croid  belts bctw’ecn
roLlghly 1.5 a n d  3.5 A U .  It is assutncd  f r o m  t h e
comparative (with rcspccls  to lhc comc(ary  mckoroids)
rarity  of asteroidal mclcoroid  fal Is al the Iiarth  that the
Iowcr  mass component of the asteroidal meteoroids is
similarly confined to the 1 .5-3.5 AIJ  range. I~ron)
laboratory studies of presumed asteroidal meteorites, tbc
density of these particles is assrmcd to average about
3.5 g/c1113--sLlbstall  tizl] I y denser  t h e n  t h e  c o m e t a r y
rnctcoroids.  (Note: 0bscrvations4 on Pioneer 1() ancl 11
imply that  this population C1 OCS not exist al masses
hclow  10-9 g (SCC B]uc-Ribbon  Panel rccol~lr~~cr~clatiorls)”
and, by cxtraprrl ation, may not exist in the mass range
of interest to impact studies.)

In paral Icl with the cometary meteoroid model,
NASA 80382  has also provided functional relationships
f o r  thC v a r i a t i o n  o f  t h e  asteroidal  n~ctcoroids  ~,itt,
relative impact  velocity, heliocentric longitude, and
bclioccntric  Iatitudc.  LJa and <V a > arc the asteroidal

versions of (JC and <Vc >. LJa and <Va > are related by:

<V,l> = LJ,I R-r’2 (4)

LJnlikc LJC,  LJ,, and its relationship to o and e vary

with  R, NASA 80382 lists  tbrcc  different variations for
U, corresponding to R = 1.7 ALJ, R = 2.5 AL],  and R =

4.0 ALJ. As a final crrn]poncn(  of the asteroidal model,
8 is also introduced but as this is so C1 OSC to 1 (the
astcmidal  mc(coroicls  have a  very sharply  peaked
velocity distribution function), it is ignored in the
NASA model.  Again, all variations arc assumed to k
essentially indcpcndcnt ofcach otbcr  so that the flux is
the pt-odoct of all the components. Iior the mass range
of interest, the resulting cqua[ion  is:

I,og, (, ( p ) = -15.79-.84 l.og, o (ln)+I’(R)

+ G(R) COS ( k )+}}( ~ ) (5)

where:

k,~,R  = heliocentric Iongitudc,  latitude, radius
h = askroid population latitudinal variation
CI = astcmid  population radial variation

As bcfmc  :

3



f,, = 1/4 p <vi> (6)

GALII,EO hll;lEOROII)  h!IOI)llI,

Tcr reflect  Pimccr in-sits nmkoroid  obscrvations4,
the NASA models  were modi ficd by a blue-ribbon panel
convened by NASA in 1978-1980 to incorporafc  the
Iakst Pioneer 10/1 1 mctcoroicl  data for the (3alilco
mission. ‘l’he major rccc)]i]r~]e[lclatiorls of the panel were
as follows:

1. Bawd  on the Pioneer results, which inciicatcd the
absence of an asteroidal component at masses below
about 10-9, the panel rccornmcndcd  that only the
cometary component be consiclcrcd.

2. I’hc NASA Gmctary Mctrmoid model has a R-l 5
dcpmdcncc  of the spatial  densi(y.  As  a  conservat ive
assurnpticm, the panel rcconmlcndc41 a s s u m i n g  a
constant density twice that of the NASA cometary
model at 1 AU between 1 and 5 ALJ. (It has since been
tacitly assumed that the factor of two and constant
clcnsity also be applied within 1 AtJ.)

3. As in the  case of the  NASA Gmctary Mctcoroicl
model,  the flux was assumed to be isotropic.

4. The so-callccl  “6 factor” which takes into account the
cometary relative velocity distribution is assurncd  to be
6=1.

01 the assumptions, the elimination of the “8
factor”, used to comet for the velocity distribution, has
caused the most concern. The conscqucnccs  of this effect
w e r e  f o u n d  to hc m i n i m a l ,  howcwx,  in dired

compar isons  with  [he results of the original NASA
cometary model which included the factor.

l)lVINE  MO1)}C1<

Whcrca$  the NASA models arc empirical fits (o the
mass distribution and average impact velocity, the
model developed by Divinc3  takes as a starling poia[  the
parliclc  phase  space  densi ty .  ‘1’o mak this clear,
consider first the fundamental physical concepts
associated with meteoroids. ‘l’he physics of macroscopic
particles in principle resembles that of a charged plasma
environment as gravity, the principle controlling krcc
(light pressure anti clcclroslatic forces arc ignored in this
paper but they can be very important for tbc smaller- or
low density particles), varies as the inverse of the
dislancc  bctwccn  interacting objects. just as in the cmc
of electrostatic forces. It is common practice in dctining
the cbarac(cristics  of a plasma to dctine  a phase space
distribution function. In particular, a fmrticle  in space
has  a mass ttf, a position vector  t (with components
x,y, z), and a velocity vcclor  L’ = ffskh ( c o m p o n e n t s
L’l, )1,, )Jz). The particle can be described as rcprcscntativc

of a’ continuous distribution defined by:

dN = [ H,,ldm ][g(, (dxdydz )(dV, dv, dvz )] (7)
where dN is the mean number  of particles with mass,
position, a n d  vclocily  i n  [hc in[crvals  (M,nr+dm),
(.i,x+dx),  a n d  ()’z,l’,+d~’,). (x,y, Z, \l, t’Y, \’z) a r c  i n

heliocentric coordinates.

II) the l)ivinc model for meteoroids, the dcpmdcnce
on mass nl is assumed to reside exclusively in the
function II,,, (indcpcndmt of r and ~’). It is related to the

cumulative mass dis[ributioa, I/Lf, by:

flh, = j,; dmH,,,
(8)

and go is a density in position-velocity space like that

for a gas or plasma and is inclcpcnclcnt of m and t. Iior
meter-oicis, g<, can be takn as a fune[ion  of the constants

of motion  in a gravity field (e. g., the six Kcplcrian
orbital clcrncnts).  In particular, it can be shown that g,,

can bc described for the interplanetary meteoroids as

()
3/2

1
go=-  -L N, P,, P,

2Tr(I  GM<,
(9)

wbcrc:

i= inclination; pi depends only on i

e =  ccccnlricity; pc depends only on e

t, = perihelion distance; N, depends only on r,

~ivcn the  d is t r ibut ions  pp /),,, and N,, I)ivinc3

dcmonslratcd  that onc can derive particle concentrations,
fluxes (as functions of angle), flucnccs,  and impact
~,cloci(ics (as functions of angle) along an orbit. The
conccntratim, for example, is given by:

I = 1-4 (rcprcscnts 4 possible particle directions)

“1’he flux is given by:

where:

/1,, = weighting factor for dckc(or ef(ccts

t’,, = speed with respect to cictector
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I)AIA INI’LJTS~O DIVI~.  MOI)EI,

The  Divine mctcrmid model rcprcscnts  a m u c h
nlo[-e comfmhcnsivc rcprcscntation  of the environment
than the earlier NASA models. Rascal on tbc pr-ccecding
concepts, Divine fit as much of (1)c existing n)ckoroid
data as hc could. This included: the ln(crplanctary  l~lu x
M o d e l  of Grun,  the Pirrnccr  10/1 1 data set, the }Iclios
ftuxcs/events mcasurcmcnls, the Galileo ])os(  I)ctcctor,
data from the Ulysses DLIst Ijxpct-imcnt,  rwku- meteor
observations, and estimates of the distribution  of’ I}lc
zocliacal light population. I’hcsc  data  sc(s,  t h e i r
sources, and distance ancl nlass  ranges arc Iis[ed in Table
1.

I’able 1. Sources and ranges of iapul  data  for the I)ivinc
meteoroid model. - “

Hclioccatric
I)ist (A[J)

IF Modc15 O,gg. ] ,f)z

Pioneer 106 1-18
Pioneer 116 1-9
Hclios7 fluxes: 0.31-().98

events: 0.31-0.98
Galileo Dust f)ct8 0.88-1.45
lJlysscs lhrst l;Xf# 1.0 -4.0
Radar Mc[cors9 0.98-1.02
Zodiacal l.ightt(’ ().3- 1.0

Rcf 11 1
Rcf 12 3

Mass (g)
]() lx- ]0(1

> 3X10 lo
> IOIJ

> 1010
> IOIJ
> loll
> 101’
> lo~

]08-10,

lox-lo~
lo~-lo’

llivinc found that 5 dis(inc(  “populations” were
n e c e s s a r y  to fil these clata. la particular, the “core
population” is the best single population fit to the data
and reprodLtccs t h e  ~Jali lco data, ‘i’hc “ i n c l i n e d
p o p u l a t i o n ”  fits  [hc Hclios cia[a not fit by the cm
population. The “ccccntric  p o p u l a t i o n ”  fits  t h e
r e m a i n i n g  Hclios  data not fit by [hc other two, “1’tlc
“halo population’) fits the I’iortccr  and LJlysscs data
Sets. “1’hc “asteroidal population” fils  Gun’s
lntcrplanctary Flux Model at Iargc masses and the outer
component of  the  meteor d a t a .  ~’hc appmpr-iatc
distributions corresponding to these “populations” are
presented in I~igurcs I, 2 ,  ~, and 4 .  ‘1’bc cicnsilics
awurncci for ti]csc  popula t ions  arc .25 g/cn13 for the
ccccntric  population (note: tilis population corllr-ibutes
very Iittlc  to any of tile fiucncc  calculations anti can bc
ignored in general) anti 2.5 g/crn3 for ali tile others.
‘i’hcsc figures and the clcnsity compromise ti)c basis of
tile n c w  mctcoroici  mo(ici.  Fiiux, fiucncc,  impact  si)ccci,
etc. arc all computed using cciuations  7-12 an(i similar
relationships.

l:ig.  i. [icccntricity Distribution, pe.
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I’hc N A S A  mocicls h a v e  b e e n  t h e  b a s e l i n e
n)clcoroid  mocicls for over 25 years, As sucil,  it is of
great valLIc to cornparc  the prcciictions  of these models
witi~ t h e  n e w e r  I)ivinc m o d e l .  CJiver) the dif~crcnt
formulations and data sour-ccs, il is cxpcclcci that tilcrc
wiii bc obsetvai)ic  ciiffcrcnccs between the mocicis.  l’o
compare tbc models on an equal bases, 3 rcprcscntalivc
mission scenarios were scicctcct:  i ) a spacccmft  in I;artil
orbit  (in ti~c abscncc of the Eiarth); 2) a reprcscntativc
Cassini  trajectory 10 Saturn; anti 3) an inner soiar
systcm  nlissior~--Hciios. T h e s e  orbit  sccnarim a r e
illus(ralcci  in I:igs, 5 anti 6.

A primary usc of mctcm)ici  models i~as hccn to
prcciid  the integral Ilucnce  for a given mass thrcshcrlci or
tiIc probability of a system faiiing  ciLIc 10 mctcoroici
impact. The former requires calculating the llLIcncc  of
p a r t i c l e s  wilh  a mass m or ilighcr  to a (typicatiy)
rancimniy  tumbting  piatc.  As an adjLIncl, the “avcraxc”
veloci[y  i s  usualty  dcsircci, In  the  Iatlcr  case, &c
rtxiuircs  a dcfini[ion  of a “faiiurc  criteria”, l’yi>icaliy tilis
is a surface penetration formula--a mclcroici pLlncturc
faiis  a tank, bat[cry,  soiar cci 1, etc.  Here ~i~c starr(iarci
single surface penetration formula of Ckrr-Palais13 for
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par t ic les  f rom 50 pm to -1 cm diamckr  impacli  ng
aluminum will bc assumed. ~’hc Cour-Palais formula is
basccl on empirical fils  to data and gives:

where:
t,

co

111

PIN
v,,,

! =  % Pm
l/(i  ,11.352  V111.857 (13)

=  c r i t i c a l  t h i c k n e s s  o f  sbiclcl for w h i c h

pcnckation wil I occur for particles equal to or
gtcatcr than the crilical  size  (cm).
= constant for shield material = ().35 1 (for Al)

= meteor mass (g)
= density of projcclilc (g/cn13)

= velocity of inlpacl (knl/s)

Here ,  for  sirnp]icity, il will bc assLlnlcd that tC is the

t h i c k n e s s  of an alLlnlinunl shield that  woLIld  just bc
pcnctrakxl  by a 1 g par[iclc  of 2.5 g/cn~3 densi ty  and
impact speed of 20 knl/s. All other clcnsi[ics,  masses,
and velocities ofparticlcs will be scaled according to cq.
1s using  this thickness.

I~ig. 2. Mass cumulative distribution, Hh,.
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l:ig.  4. Inclination distribution, p,.
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(kc a failure cri(cr-ia is established, the total
flLlcnce a l  e a c h  trajcclmy  posilion  10 a randomly
t u m b l i n g  plate  is cstirnatcd  over the entire mngc  of
velocities and masses that jL]st pcnctra~c the sLlrfacc. The
probability of’ failLrrc is tbcn  computrd from an cstirnatc
of the appropriate sensitive area multiplied by this
critical flucncc.  In statistical tcr ms, the probability of
~ impacts on a spacecraft is g,ivcn  by:

(.f,)A’l)wA”P(x,l) =
)(! (14)

I’hc probability of’ one or more impacts occurt-irlg is, by
cxpcricncc,  very low. T h u s ,  to a bigb  dcgrcc o f
accuracy, the probability of one or more impacts of a
meteoroid is given by subtracting tbc probability of no
hit (J’(O)- I -fP(t)A’[+ . ...) froru 1:

P(X>O,t)  = 1 -P(0) = fl) (t) A’ t (15)



[iIgUrC S .  Tr@ctorics  for t h e  Hclim and “  I AL]”
mission scenarios.
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P(X >0, 7’) = ~ f,,A’dl
o (16)

where:
t = small time inlcrval
1’=  time (mission duration)
fP = Penetrating meteoroid flLlx as fLlnction of time

7

A’ = Iiq Llivalcnt sensitive area

llcrc, rather then compare the probability of failure,
the flucncc  for the critical mass m, (impac(s  per unit

area for the nlass/velocity cmnbinations that will just
pcnctr-ate the sLlrfacc) will be cstinlatcd  as a fLlnction of
nliss ion duration for each model--to convert to
pmhability, the flLlcncc can be multiplied by the area of
the sensitive surface.

I;igL[rcs  7 and 8 cmnparc  the mission ftucnccs  for
the I)ivinc  model (Iahclcd MFi’l”IiM, the name of the
new CCKIC)  and the three NASA modc]s:  the as[crc)id
conlponcnt”  (APROB),  t h e  conletary  Cc)lllponcrl[
(NASA), and the Galileo  cometary model  (~AI.) for the
three missions. Figure 7 is for a mass threshold of 1 g
whi le  I:igurc  8 is for the Ck)ur-Palais  sillglc  surface
penetration fornlLlla,

I:i.gurc 7. Ilucncc as a fLlnction o f  m i s s i o n  clapsccl
time for a mass threshold of I g,
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The final mission flucnccs  for I;igurcs  7 ancl 8 arc
tabulated in ‘1’able 2. ‘1’hc main points to note for these
results arc that the NASA asteroidal component
typical Iy dominates if the spacecraft passes throLlgh the
aslcroid  lmlt bctwccn  1 . 5  a n d  S.5 AIJ. ‘1’hc I)ivinc
nmdcl es t imates ,  which arc the sums or 5 diflcrcnt
popLllations,  arc within a factor of 2 (Hclim) to 1(1 (1
A(J ancl C’assini) for the 1 g mass threshold-this is not
sLlrp!-ising  as the densities arc sLlbslantial[y  diff’crcnt: 0.5
g/cn13 for the cometary models; 2,5 ,g/cn13 for 4 of the 5
I>ivine popLllations.  Sinlili]r  r e s u l t s  })o]cI  f[~r tl,c
pcnctl-atiorl fornl L[[a, QLmlitativc]y, the  I)ivinc flLIcnccs



fo l low the  sanlc  tctnporal  patterns as the conlctary
nlodcl  flLwnccs. ~’hc l)ivinc nlodc]  prcdicitions  appear to
cxcccd those of the NASA n)oclcls in the inner solar
sys[crn  and  [0 approxinlatc  t h e n ]  ( t h e  a s t e r o i d a l
con]poncat) in the  outer solar systcm  (beyond 1.5 A(J).

IJigurc  8. I;lrrcncc  as a function of mission elapsed
tirnc  for a fixed alun]inLjnl  shield thickness equivalent to
a I g parliclc  of 2.5 ,#cnl dcnsi(y  and impacting at 20
knl/s.
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I’able 2. ‘1’otal nlission flucnccs for the Hclios,  1 A~J,
and Cassini  nliss  ions

Mission Hclios
I)ays 187.3
I;lucncc(nl>l .g)nl-2

lnctcnl 4.48} ;-8
aprob  0.0
gal 2.0711-8
nasa 1.88F>-8

Flucncc (n]c)  rw2

rnctcm 7.7511-8
aprob 0.0
gal 2.571  i-8
nrrsa 3.0413-8

1 A~J
365,6

3.391  ;-8
0.0
8.2of ;-9
2,~71;_9

Cassini
2447

1.4011-6
I .741X
2.14} 1-7
6.661  ;-8

8.8oli-7
1 .281;-6
8.451  ;-8
3.251  ;-8

While not unanticipated (the nlodcls  arc based on
diffcrcn[  data and distribution ass  Llnlptions), (I)C
diffcrcnccs  bctwccn  the nlodcls  arc interesting. Aside
from the density diflcrcnccs,  the other properly is tbc
average impact velocity. I’o study this behavior, the

rncan inlpact  velocity (cstirnatedbycqs. 2 and 4 for the
N A S A  nmdcls  andby the ratio of the intc.gral of the
prodLtct  of the ilucnce  and velocity divided by the
iatcgral  of the fluence  for the IJivine  rnodcl)  has been
computed  asa function of mission elapsccl tirnc.  l’hcsc
val Llcs arc plotted in I;igs.  9, 10, 11, and 12.

tiigurc9. llll[~act spccclas afllr\clior\ of Illissic)ll clapsccl
lirncfor a mass threshold of I g f(wthc Orssini and 1
AtJ  trajectories.
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“1’tlclltajorfactor” in these cstirnatcs is the fact thal
thcimpactspccd for the Ilivinc nlodel  is avcragccl over
5 populations. ‘1’hc individLlal populations have average
impact  spccds  that  raagc  f r o m  - 1 0  knl/s  to al[nost  40
knl/s  for a flxcd threshold mass. I;igL[rcs 9-1o reflect
this averaging. In the NASA rnodcls,  the asteroidal
component is Iowcr  than the cornctary  component (the
(;alilco rnodcl has the same velocity as the NASA
corllctaryrlloclel).”  I’hiscornponcnt hasa higher velocity
tlmn the average impact speed for the I)ivinc  nlodcl---2O
knl/s  versus -12 kn~/s, Indeed, the NASA asteroid
con]poncnt  and the llivinc rnoclel speeds arc very close.
llowcvcr, whcna pcncttation  relation is considcrcd,  the
velocities agtcc closely. ‘1’hisis nlost  Iikcly  dueto t h e
incrcascd  weighting in the I>ivinc Tnodel of the Iowcr
nlass  bLlt high VCloCity  parliclcs with their higher’ flLIx,

F1.[Jl;N~lc 1’0 A N  OR1l~T1+;D  P1.A’1’E

‘1’bc final property to bc prcscntcd  is the variation
i n  flucncc  as a fLlnction of  oricnta~ion.  Unlike  t h e
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l:igLitc I O .  Inlpact  s p e e d  as a function  of’ nlission
clapsccl  tinw  for  a nlass threshold of 1 g for the }Iclios
trajcchry.
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I;igure  I 2. lnlpact speed for a fixed shield thickness for
the Hclios  trajectory.
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N A S A  nlodcis,  the Divine ndel can cs(iwrtc the
fiucncc  on an oriented surface as opposed to the
randmnly tunlbling plate. ‘lhis is a valuable
inlprovcrncn[  as a spacecraft can bc dclibcratcly  flown in
a  s p e c i f i c  crricnlation  10 Iinlit  t h e  inlpac(s  o n  a
particular surlacc (e.g.,  a rwckct ao~zlc  or lank  sLnfacc).
Iiigurcs  1 ~, 14, and 15 present estimates OF the
meteoroid fiucncc  to a randomly tLlnlb] ing sLlri’acc.,  a
surface oricnlcd  in tbc spacccraii  velocity direction, and
in a direction opposite to the velocity vector.

‘i’hc di ffcrcnccs  in fi ucncc  to t h e  f o r w a r d  a n d
tail ward surfaces of a spacecraft arc s[riki  nfg. When the
spacccratl is nlovirlg  slower than tbc circular orbit speed
at a given dis[ancc, it sees nlorc  flrrcncc in the ciircc[ion
opposite the velocity vector and on its sides (as
approxin~atcci  by the randonlly  tLlnlbling  surface) than
froru tbc forward ciircction--thc nlctcoroid  flux is
overlaying tbc splcccrafl. Iior  I;ig. 14, lhc llLIX to the
s i d e s  ( t h e  randcmly  t u m b l i n g  r e s u l t s )  actL[ally
dorninatcs.  I;inally,  for the outer solar systcm  nlission,
when tbc spacecraft is nlovirrg  faster  than the circLrlar
orbit velocity, the flux in the dirwtion of lhc vc[ocity
vector dorninatcs--thc spacccrati ovcrlakcs the
nlctcoroids. Note in part  icLrlar the switch over in
behavior around day 700 for the (hssini trajectory.

I~igurc 14. The flucncc  (for a spacecraft at 1 A~J) to a
randomly turl-rbli ng plale  compared to a surface oricnlcd
in tbc dirccticm of the spacecraft velocity vector  and
opposilc  to that dircclion.
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I;igure  15. ‘1’hc fiucncc  (for a (;assini trajectory) to a
r~lrldorlllyt  Lrrllb]irlgp lalccor]lparcd” to a surface oriented
in the direction of the s[lacecraf[  veloci(v  vector ,and.
opposite tothatdircc~ion.
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l'tlcncw IJi\irlcr ll{lclclp  r()cluccsr  csLrl(stllatat Icast
s u b j e c t i v e l y  rcscrnhlc  tbc older N A S A  nlctcoroi(i
n]o(icis.  I’ilc ciiflcrenccs i n awurncci populations,
ilowcvcr,  rnakc  a  q u a n t i t a t i v e  conlparison  difficuit.
I;vcn  so, tilis paper has provi(icd a iink  be tween the
oi(icr- n~odcisanc  ithcncwcr-onctilat shouici prove useful
for tilose  seeking to compare tbcir  predictions. As a
sccon(iary objcctivc, t i le  paper  ilas cicnwmslralc(i tile
capabi l i t ies  of  the  acw  nmicl--in  p a r t i c u l a r , its
capability tocslirnalc  fiLrcnccs toorientcci sLlrfaces. l’ilc
Ilivinc rnocici i s  Ilow avaiiabic  to t i l e  g e n e r a l
conlnl  Lrnity as a cornpiicci cocic that can bc run on a
wi~ic range of P~.s anti nlain  frarnc c o m p u t e r s . T’hc
rcacicrisrcfcrcci totbcautilors folcoilicsoftilccocic.
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